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SUMMARY
Objective: Hippocampal sclerosis (HS), the most common cause of refractory tempo-
ral lobe epilepsy, is associated with hippocampal volume loss and increased T2 signal.
These can be identified on quantitative imaging with hippocampal volumetry and T2
relaxometry. Although hippocampal segmentation for volumetry has been auto-
mated, T2 relaxometry currently involves subjective and time-consuming manual
delineation of regions of interest. In this work, we develop and validate an automated
technique for hippocampal T2 relaxometry.
Methods: Fifty patients with unilateral or bilateral HS and 50 healthy controls
underwent T1-weighted and dual-echo fast recovery fast spin echo scans. Hip-
pocampi were automatically segmented using a multi-atlas–based segmentation
algorithm (STEPS) and a template database. Voxelwise T2 maps were determined
using a monoexponential fit. The hippocampal segmentations were registered to
the T2 maps and eroded to reduce partial volume effect. Voxels with T2 >170 msec
excluded to minimize cerebrospinal fluid (CSF) contamination. Manual determina-
tion of T2 values was performed twice in each subject. Twenty controls underwent
repeat scans to assess interscan reproducibility.
Results: Hippocampal T2 values were reliably determined using the automated
method. There was a significant ipsilateral increase in T2 values in HS (p < 0.001), and
a smaller but significant contralateral increase. The combination of hippocampal vol-
umes and T2 values separated the groups well. There was a strong correlation
between automated and manual methods for hippocampal T2 measurement (0.917
left, 0.896 right, both p < 0.001). Interscan reproducibility was superior for automated
compared tomanualmeasurements.
Significance: Automated hippocampal segmentation can be reliably extended to the
determination of hippocampal T2 values, and a combination of hippocampal volumes
and T2 values can separate subjects with HS from healthy controls. There is good
agreement with manual measurements, and the technique is more reproducible on
repeat scans than manual measurement. This protocol can be readily introduced into
a clinical workflow for the assessment of patients with focal epilepsy.
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The most common cause of medically refractory tempo-
ral lobe epilepsy (TLE) is hippocampal sclerosis (HS) char-
acterized by neuronal cell loss and gliosis within the
hippocampus, particularly CA1, CA3, and the dentate
gyrus.1 Surgical treatment is often required to achieve sei-
zure freedom, and invasive investigations may be avoided if
an abnormality can be detected on magnetic resonance
imaging (MRI) that is concordant with other clinical data
including semiology, video–electroencephalography (EEG)
telemetry and neuropsychology. Identification of a focal
abnormality is associated with a better surgical outcome.2
Typical MRI features of HS include hippocampal atro-
phy, disrupted internal hippocampal structure, and
decreased T1-weighted and increased T2-weighted signal.
3
Because visual analysis alone may fail to detect HS,4 quanti-
tative imaging including hippocampal volumetry and T2
relaxometry can improve sensitivity.5–7
Hippocampal volumetry can quantify volume loss (atro-
phy), representing neuronal cell loss that may be difficult to
appreciate visually.8,9 Atrophy correlates with side of sei-
zure onset10 and postoperative outcome after anterior tem-
poral lobe resection.11 Although volumetry was initially
based on time-consuming manual delineation of the hip-
pocampi, we and other groups have developed automated
techniques to determine hippocampal volumes.12
T2 relaxometry measures T2 relaxation time, an intrinsic
tissue property. It may detect subtle pathology, which is use-
ful in lateralizing temporal lobe epilepsy, even in the
absence of hippocampal atrophy,5,6 and has been reported to
be the most consistent imaging finding in HS.13 T2 maps
were initially generated by lengthy multiecho acquisitions
such as a Carr-Purcell-Meiboom-Gill sequence.5 However,
rapid whole brain coverage can be reliably obtained with a
dual-echo spin-echo sequence,14–16 with T2 values deter-
mined by fitting a monoexponential to the two values.
The current clinical approach to hippocampal T2 mea-
surement involves manual delineation of circular/elliptical
regions of interest (ROIs).5,8,14,16 This is time consuming,
and difficulties may arise in the suitable placement of a
region of interest while avoiding contamination from cere-
brospinal fluid (CSF). In this study, we seek to automate
and validate an automated method for T2 relaxometry of the
hippocampus that addresses these concerns.
Methods
Subjects
We selected 50 patients who had undergone brain MRI
with an epilepsy protocol as part of routine clinical practice
for TLE at the Epilepsy Society MRI Unit, Chalfont St Peter,
and which been reported by a neuroradiologist as showing
unilateral or bilateral HS on visual assessment (median age
40 years, range 18–76, 23 male). We recruited 50 healthy
controls (median age 37 years, range 17–66, 28 male) with-
out any history of neurologic or psychiatric disease.
The study was considered a service evaluation using clin-
ically acquired data by the National Hospital for Neurology
and Neurosurgery and the Institute of Neurology Joint
Research Ethics Committee. Informed written consent was
obtained from control subjects.
Data acquisition
Subjects underwent imaging on a 3T GE MR750 scanner
with a 32-channel coil. Sequences included a three-dimen-
sional (3D) T1-weighted inversion-recovery fast spoiled
gradient recalled echo (TE/TR/TI 3.1/7.4/400 msec, field of
view (FOV) 224 9 256 9 256 mm, matrix 224 9 256 9
256, parallel imaging acceleration factor 2) and a coronal
dual-echo fast recovery fast spin echo proton-density/T2-
weighted (TE 30/119 msec, TR 7,600 msec, FOV
220 9 220 mm, matrix 512 9 512, slice thickness 4 mm,
SENSE factor 2).
Data processing
Hippocampi were automatically segmented from the T1-
weighted volume using a multi-atlas–based segmentation
algorithm (STEPS) and a template database of 400 manual
segmentations as previously described (Fig. 1A,B)12 and
widely available online (https://hipposeg.cs.ucl.ac.uk/).
Hippocampal volumes were corrected for intracranial vol-
ume using linear regression with parameters derived from a
group of healthy controls.
Voxelwise T2 maps were determined using a monoexpo-
nential fit14 from the signal S1, S2 at the two echo times TE1,
TE2:
T2 ¼ TE2  TE1
ln S1S2
 
A rigid transformation from the T1-weighted image to the
dual-echo PD/T2 image was calculated using NiftyReg
(https://sourceforge.net/projects/niftyreg) and applied to the
Key Points
• Hippocampal sclerosis (HS) is characterized by vol-
ume loss and increased T2 signal
• Quantitative imaging with hippocampal volumetry
and T2 relaxometry improves sensitivity in detecting
HS
• Hippocampal T2 values can be reliably determined
using an automated technique, rather than time-con-
suming manual delineation
• Automated measurement shows an interscan repro-
ducibility superior to that with manual measurement
• The combination of hippocampal volumes and hip-
pocampal T2 values can reliably identify sclerotic hip-
pocampi
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hippocampal segmentations. The segmentations were
eroded and voxels with T2 values >170 msec were elimi-
nated to minimize cerebrospinal fluid (CSF) contamination
(Fig. 1C), and the mean T2 value in this region of interest
was determined (Fig. 1D). The value of 170 msec was
determined empirically by segmenting the T1-weighted
images into gray matter, white matter, and CSF using New
Segment in SPM8 (http://ww.fil.ion.ucl.ac.uk/spm), apply-
ing the above rigid transformation and measuring T2 values
in the control subjects in each compartment. The distribu-
tions were reviewed to determine the optimal cutoff
between the upper tail of T2 values in gray matter and the
lower tail in CSF.
A script for determining hippocampal T2 values using the
hippocampal segmentations from a T1-weighted image
obtained from our online hippocampal segmentation web-
site (https://hipposeg.cs.ucl.ac.uk) and a locally calculated
T2 map is available at https://github.com/sjoerdvos/hippoca
mpal_T2.
Comparison to manual determination
For comparison to previous practice, a radiographer man-
ually determined hippocampal T2 values using elliptical
ROIs on consecutive coronal slices (Fig. 1E), and the mean
T2 across all ROIs was determined.17 This was performed
in all subjects on two separate occasions to assess intrarater
reproducibility.
Interscan reproducibility
To compare interscan reproducibility of automated and
manual measurement, 20 controls underwent repeat imag-
ing on a separate occasion with the same protocol. Hip-
pocampal T2 measurements were performed on the repeat
scan with the automated and manual methods.
Statistics
All statistical analysis was performed in IBM SPSS
Statistics 24. Hippocampal volumes and hippocampal T2
values were normally distributed in each group according to
the Shapiro-Wilks test. Statistical comparison between
groups was therefore made using a two-tailed independent
samples t-test assuming equal variances. Gender and lateral-
ity effects in healthy controls were determined with two-
tailed independent samples and paired t-tests, respectively.
Binary logistic regression was used to assess the
classification of left and right hippocampi separately into
pathologic or nonpathologic using the corresponding hip-
pocampal volumes and hippocampal T2 values, both inde-
pendently and combined.
Agreement between the automated and manual methods
for determining hippocampal T2 was determined by correla-
tion, as although the general distribution of values should be
similar, exact agreement between the methods would not be
expected due to the different sampling.
The reproducibility of T2 measurements between repeat
scans in the same subject was assessed using Bland-
Altmann plots and a paired t-test to check for equality of
means.
Results
Hippocampal volumes and T2 by subgroup
Hippocampal volumes and T2 values were reliably deter-
mined using the automated method (Fig. 2, Table 1), with
good separation between the groups on either hippocampal
volumes or T2 values (Fig. 3).
Left hippocampal volumes were significantly reduced
and left hippocampal T2 significantly increased in both left
HS (two-tailed t-test, p < 0.001 for both) and bilateral HS
A B C
D
E
Figure 1.
Example of a patient with left hippocampal sclerosis. Structural T1-weighted scan (A) with automated hippocampal segmentation (B). The
segmentation is registered to the dual-echo PD/T2-weighted scan, eroded, and CSF excluded (C), and the mean T2 value determined on
the voxelwise T2 map (D). Manual determination of T2 values relies of manually drawn elliptic ROIs (E).
Epilepsia ILAE
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(p < 0.001 for both) compared to controls. Right hippocam-
pal volumes were significantly reduced and right hippocam-
pal T2 significantly increased in right HS (p < 0.001 for
both) and bilateral HS (p < 0.001 for both).
There were no contralateral changes in hippocampal vol-
ume, but mean right hippocampal T2 was mildly increased
by 2.6 msec in left HS (p = 0.002) and mean left hippocam-
pal T2 mildly increased by 2.7 msec in right HS
(p = 0.026).
Gender and laterality effects
There were no significant differences between male and
female controls in hippocampal volumes or hippocampal
T2 values. There were no laterality effects for hippocampal
volume, but mean hippocampal T2 values were signifi-
cantly lower on the left than the right, with both automated
(115.5 msec versus 116.8 msec, p = 0.006) and manual
(p = 0.034) measurements.
Reference ranges for hippocampal volumes and hip-
pocampal T2 values determined from the healthy controls
as mean  1.96 standard deviations (SDs) were 2.51–
3.55 cm3 and 108.5–123.8 msec, respectively. Although
this combines both sides, the relevant upper end of the refer-
ence range for hippocampal T2 was indistinguishable
between the left (123.6 msec) and right (123.9 msec)
hippocampi individually.
Classification of hippocampi
The combination of hippocampal volume and T2 values
gave good visual separation between groups (Fig. 4). Bin-
ary logistic regression could correctly classify 94% of left
and 97% of right hippocampi as pathologic or nonpatho-
logic with the neuroradiologic report forming the gold stan-
dard.
Comparison to manual determination
There was a strong correlation between the auto-
mated and manual methods for determining hippocam-
pal T2 (Fig. 5) with Pearson correlations of 0.917 (left,
p < 0.001) and 0.896 (right, p < 0.001). For
Figure 2.
Scatterplot of hippocampal volumes corrected for intracranial volume (left) and mean hippocampal T2 (right) of both hippocampi
obtained by the automated method in the different groups.
Epilepsia ILAE
Table 1. Hippocampal volumes corrected for intracranial volume and automated T2 values for each group given as
mean (SD)
Controls (n = 50) Left HS (n = 27) Right HS (n = 18) Bilateral HS (n = 5)
L hippocampal volume 3.02 (0.28) 2.05 (0.30) [p < 0.001] 2.96 (0.28) [NS] 2.07 (0.17) [p < 0.001)
R hippocampal volume 3.04 (0.25) 2.95 (0.30) [NS] 2.20 (0.28) [p < 0.001] 2.26 (0.29) [p < 0.001]
Left hippocampal T2 115.5 (4.11) 127.7 (8.18) [p < 0.001] 118.1 (4.49) [p = 0.026] 126.8 (8.80) [p < 0.001]
Right hippocampal T2 116.8 (3.60) 119.5 (3.00) [p = 0.002] 128.1 (7.05) [p < 0.001] 129.9 (4.91) [p < 0.001]
p-Values for a two-tailed t-test comparison to the control group are also given. NS, not significant.
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comparison, the correlation between two manual mea-
surements was 0.964 (left, p < 0.001) and 0.942 (right,
p < 0.001).
Interscan reproducibility
Bland-Altman plots confirmed that hippocampal T2 mea-
surements were reproducible between repeat scans. The
pairwise differences in hippocampal T2 were not signifi-
cantly different from zero for either automated or manual
measurements. However, the standard deviation of the dif-
ferences was greater for manual (6.00 msec) than for auto-
mated (3.59 msec) measurement, leading to wider intervals
on the Bland-Altman plot.
Discussion
Key findings
Automated hippocampal segmentation can be reliably
extended to the determination of hippocampal T2 values,
and a combination of hippocampal volumes and T2 values
can separate subjects with HS from healthy controls. We
found good agreement with manual measurements and an
improved reproducibility on repeat scans compared to man-
ual measurements.
Role of T2 relaxometry
T2-weighted hyperintensity, one of the key radiologic
features of HS, can be objectively assessed by quantitative
measurement of T2 relaxation (T2 mapping) with increased
sensitivity over visual reading.18,19 T2 values may be raised
in the absence of atrophy,6 and the combination of hip-
pocampal atrophy with a high T2 value is both sensitive and
specific for HS.20 Employing a combination of hippocampal
volumes and T2 values can increase the yield to 99% of
visually detected HS but also 28% of those considered visu-
ally normal.7
Acquisition protocol
The initial scan protocols comprising multi-echo Carr-
Purcell-Meiboom-Gill sequences were time-consuming
and gave limited spatial coverage.5 The more efficient
dual-echo approach has been validated6,14,15 despite its
assumption of monoexponential decay in voxels with
mixed tissue components and potential fitting errors from
Figure 3.
Box plots of hippocampal volumes corrected for intracranial volume and mean hippocampal T2 obtained by the automated method in the
different groups.
Epilepsia ILAE
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only two data points. Although multiecho approaches
remain the accepted gold standard, dual-echo approaches
allow full brain coverage in a clinically feasible timescale
with sufficient sensitivity and accuracy to detect patho-
logic changes.
Standard T2-weighted clinical acquisitions may be ana-
lyzed21 but are less sensitive than T2 relaxometry.22 Com-
putational analysis of conventional fluid-attenuated
inversion recovery (FLAIR) images is also less sensitive
and specific than T2 relaxometry.23
Method for determining hippocampal T2
The established approach of manual placement of circu-
lar/elliptical ROIs is time-consuming and the regions are
necessarily limited in size to around 20 mm2 per slice to
avoid CSF contamination so only sample a small part of the
hippocampus. By using an automated segmentation, we
could determine the mean T2 value in the entire hippocam-
pus where cross-sectional areas in a slice can exceed
50 mm2. CSF contamination was minimized by eroding the
segmentation at the boundary and employing a threshold
derived empirically from T2 values in gray matter and CSF
of healthy controls.
Reliability and reproducibility
Manual determination of hippocampal T2 values has
been shown to be reproducible over time and unaffected by
single seizures.24 Here we show that automated measure-
ments have superior reproducibility with repeat scans,
which may reflect the sampling of the whole hippocampus
rather than manually placed ROIs, avoiding CSF whose
location may vary depending on acquisition orientation.
There is a good correlation between manual and auto-
mated measurements, but the values are not in exact agree-
ment with the slope of regression lines being below unity
(Fig. 5). This is not unexpected given the different sampling
techniques but may arise from inclusion of voxels within
the manually placed ROIs that have small CSF contribu-
tions. However, it highlights that any comparison of T2 val-
ues needs to use the same technique and acquisition
protocol.14
Pathologic correlates
HS is characterized histologically by cell loss and
astrogliosis throughout mesial temporal limbic areas,
especially the hippocampus.1 Although atrophy reflects
cell loss and gliosis in CA1–3 and the dentate,9,25
increased T2 values have been shown to correlate with
dentate gliosis,9 neuronal cell loss in CA1 and CA3,16
and gliosis and loss or dispersion of the granular cell
layer.26
Bilateral changes
A notable finding is the bilateral changes observed in hip-
pocampal T2 values even with apparently unilateral pathol-
ogy. This has been observed in histopathologic studies1 and
previous imaging studies,6,16,19 with greater changes
observed ipsilaterally. Possible reasons include bilateral
hippocampal pathology with gliosis, mild edema from sei-
zures, or drug effects.5 The ipsilateral hippocampal T2
changes observed in extratemporal lobe epilepsy lend sup-
port to seizure-related changes.27 Contralateral changes are
related to memory performance28 and poorer postoperative
seizure outcome.16
Figure 4.
Scatter plot of hippocampal volumes corrected for intracranial volume and mean hippocampal T2 of the left and right hippocampi, respec-
tively, showing good separation between the different groups.
Epilepsia ILAE
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T2 relaxometry outside the hippocampus
Our approach has been limited to hippocampal T2, but
structural damage extends beyond the hippocampus.29 ROI
studies have shown T2 signal changes in temporal lobe
white matter, amygdala, and frontal and parietal lobes.30,31
Our technique could easily be extended to other structures
delineated on the T1-weighted image, but an alternative
approach is whole-brain voxel-based relaxometry. This
identifies changes in the temporal lobe white matter, amyg-
dala, and parahippocampal gyrus,32,33 and may be more sen-
sitive than ROI-based approaches.34
Future work
Patients in this study were selected according to visually
apparent HS. Future work will include those with normal-
appearing hippocampi, but histologically identified HS fol-
lowing surgical treatment and the automated T2 mapping pro-
tocol will be introduced into our standard clinical workflow.
We report a single value for each hippocampus represent-
ing the mean T2. As T2 values overlap between healthy con-
trols and patients, it is critical that these single values are
appropriately interpreted in a clinical setting in conjunction
with hippocampal volumes, the clinical picture, and other
available data.
Hippocampal T2 values are higher anteriorly than poste-
riorly in healthy controls, and in HS, elevation of T2 values
may occur diffusely or predominantly anteriorly.4 A single
figure may obscure subtle changes, and extending to a slice-
by-slice profile of T2 values in an anteroposterior axis may
provide useful additional information.
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